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INTRODUCTION
Fusarium graminearum is the predominant pathogen that causes Fusarium head blight in essential crops, such as wheat and barley, in which it produces trichothecene mycotoxins, such as deoxynivalenol (DON) (Pestka and Smolinski 2005) . DON contamination in infected grains not only threatens the health of humans and livestock, but also causes huge economic losses (McMullen et al. 2012) . As DON is difficult to remove from infected materials due to its chemical stability, the prevention of contamination is of primary importance (Lauren and Smith 2001) . To develop effective methods for the control of DON contamination, a better understanding of the molecular mechanism of trichothecene production is required.
Trichothecene is biosynthesized from farnesyl pyrophosphate via multistep reactions catalyzed by TRI proteins (Kimura et al. 2007) . Most Tri genes are present as clusters on the genomes of trichothecene-producing fungi, and TRI6 regulates transcription of most Tri genes, including Tri6 (Seong et al. 2009; Nasmith et al. 2011) . The carbon source, nitrogen source and pH are environmental factors known to influence Tri6 expression (Jiao, Kawakami and Nakajima 2008; Gardiner, Kazan and Manners 2009; Merhej et al. 2010) . However, the regulatory mechanism leading to the expression of Tri genes, especially Tri6, has not been fully clarified. To understand this molecular mechanism, we have been using specific inhibitors as biochemical probes that reduce trichothecene production of F. graminearum without inhibiting fungal growth. We identified precocene II, a constituent of chamomile essential oil, as one such inhibitor (Yaguchi et al. 2009 ). Precocene II bound to the voltage-dependent anion channel (VDAC) and increased the amount of mitochondrial superoxide (Furukawa et al. 2015) . As known superoxide generators also reduced trichothecene production and tocopherol, a typical antioxidant, strongly increased it, we argue that the intracellular superoxide level is a key factor for trichothecene production in F. graminearum.
Superoxide is a reactive oxygen species and an inevitable byproduct of incomplete reduction of oxygen in the mitochondrial electron transport chain (Hoye et al. 2008) . Reactive oxygen species, such as superoxide, hydrogen peroxide and hydroxyl radicals, damage biomolecules in cells, such as nucleic acids, lipids and proteins, and interfere with their biological functions. Therefore, a variety of mechanisms exist to protect cells from reactive oxygen species. Superoxide dismutases (SODs) play key roles in the degradation of superoxide. These metalloenzymes are conserved widely in prokaryotes and eukaryotes, and are classified into four types according to their metal co-factors: manganese (Mn), copper/zinc (Cu/Zn), iron (Fe) and nickel (Ni) SODs (Miller 2012) . Yao and colleagues (2016) recently reported the presence of five putative SOD genes in the genome of F. graminearum and showed their presumed subcellular localizations: FGSG 08721 encodes cytoplasmic Cu/Zn SOD (named FgSOD1); FGSG 04454 and FGSG 02051 encode mitochondrial and cytoplasmic Mn SOD (named FgSOD2 and FgSOD3), respectively; FGSG 7069 encodes mitochondrial Fe SOD (named FgSOD4); and FGSG 00576 encodes extracellular Cu SOD (named FgSOD5). These researchers analyzed the function of FgSOD1, observing that Fg-SOD1 is localized in the cytoplasm and that FgSod1 deletion mutants showed high susceptibility to intracellular reactive oxygen species generators and reduction of DON production and pathogenicity to wheat. Although they did not analyze intracellular superoxide levels in mutants, their results suggest that increased cellular superoxide attenuates DON production (Yao et al. 2016) .
In F. graminearum, FgSOD2 (Mn SOD) and FgSOD4 (Fe SOD) have the putative mitochondrial targeting sequence (Yao et al. 2016) . Fe SOD is common in prokaryotes, but is considered to have been replaced by more environmentally favorable Mn SOD in the process of evolution; Mn SOD is supposed to be the main scavenger of superoxide in the mitochondria of eukaryotic cells (Miller 2012) . Although localization of Fg-SOD3 (Mn SOD) to the cytoplasm has been suggested, its actual localization and function in trichothecene production are unknown. As the putative mode of action of precocene II suggests that the mitochondrial superoxide level modulates trichothecene production of F. graminearum, we focused in this study on the localization of Mn SODs (FgSOD2 and FgSOD3) and on their function in trichothecene production. We investigated the relationship between the intracellular superoxide level and trichothecene production using FgSod2 and FgSod3 deletion mutants.
METHODS

Culture conditions
A Japanese wild-type strain, Fusarium graminearum MAFF101551, was used as a 3-acetyldeoxynivalenol (3-ADON) producer. This strain and its derived mutants were grown in carboxymethyl cellulose liquid medium (15% carboxymethyl cellulose, 1% yeast extract, 0.5% MgSO 4 , 1% NH 4 NO 3 , 1% KH 2 PO 4 ) for 5 days at 26.5
• C for the formation of asexual spores. After filtration, spores were collected by centrifugation and maintained in 20% glycerol at −80 • C until inoculation. 
Preparation of anti-FgSOD2 and anti-FgSOD3 antibodies
Peptide antigens GEPEGKLLTSINEDFGSC (amino acids 124-140 of FgSOD2 + C-terminal Cys residue; named peptide S2) and CRFT-GSREDAFKVLRASI (amino acids 196-212 of FgSOD3 + N-terminal Cys residue; named peptide S3) were designed and synthesized by Sigma-Aldrich (St Louis, MO, USA). Each peptide was conjugated to keyhole limpet hemocyanin and injected into rabbits. Polyclonal antibodies in antiserum were partially purified by ammonium sulfate precipitation. Antibodies were stored in ammonium sulfate solution at 4 • C and used at a dilution of 1:1000 for western blotting analysis. The specificity of these antibodies was confirmed with western blot data (see Supplementary  Fig. S1 ).
Preparation of recombinant proteins of FgSOD2 and FgSOD3
cDNA was synthesized from total RNA, which was prepared from lyophilized mycelia of F. graminearum, according to a previously reported method (Furukawa et al. 2015) . FgSod2 and FgSod3 cDNAs were PCR amplified using the primer pairs FgSod2 In-fusion F HindIII/FgSod2 In-fusion R KpnI and FgSod3 In-fusion F HindIII/FgSod3 In-fusion R KpnI (primer sequences are shown in Supplementary Table S1 ), respectively, and cloned into HindIII-and KpnI-linearized pT7-FLAG2 vector (SigmaAldrich) with an In-Fusion R HD cloning kit (Clontech, Mountain View, CA, USA). Escherichia coli competent cells BL21(DE3) pLysS (BioDynamics Laboratory Inc., Tokyo, Japan) were transformed with the resulting expression vectors, and transformants were cultured in LB broth containing 50 μg/mL ampicillin (Nacalai Tesque, Kyoto, Japan) and 10 μg/mL chloramphenicol (Nacalai Tesque) at 37
• C. At an OD 600 of 0.5, 1 mM isopropyl-β-D-thiogalactopyranoside was added, and the specimens were incubated for 8 h at 37
• C. After bacterial cells were disrupted by sonication in binding buffer (10 mM Tris [pH 7.5], 200 mM NaCl, 0.1% Nonidet P-40), the suspension was centrifuged and the supernatant was purified using Anti-FLAG R M2 affinity gel (SigmaAldrich). FLAG-tagged proteins were eluted with binding buffer containing 0.2 mg/mL FLAG peptide.
Enzymatic activity assays for FgSOD2 and FgSOD3
The SOD activity of recombinant proteins of FgSOD2 and FgSOD3 was determined using the SOD Assay Kit-WST (Dojindo, Kumamoto, Japan), according to the manufacturer's protocol. With this kit, highly water-soluble tetrazolium salt (WST-1) is reduced to water-soluble formazan dye by a superoxide molecule produced via xanthine oxidase activity. WST-1 reduction by superoxide is inhibited by SOD, and SOD activity can be estimated by colorimetric changes.
Subcellular localization analysis for FgSOD2 and FgSOD3
Fusarium graminearum mycelia were incubated in protoplast formation solution (2% yatalase; Takara Bio, Shiga, Japan), 2% lysing enzymes from Trichoderma harzianum (Sigma-Aldrich) and 1.5 M NaCl for 3 h at 26.5
• C. Protoplasts were collected by centrifugation at 900 × g, resuspended in homogenization buffer (250 mM sucrose, 20 mM Tris-HCl [pH 7.4], 0.2 mM EDTA, 1% protease inhibitor cocktail) and homogenized manually on ice. After centrifugation at 900 × g, the supernatant containing mitochondria was transferred to a new tube. The pellet was lysed with TNE buffer (1% NP-40, 20 mM Tris-HCl [pH 7.4], 1 mM EDTA, 150 mM NaCl, 1% protease inhibitor cocktail) and its centrifugal supernatant was used as the nuclei/unbroken cell fraction. The mitochondria-containing supernatant was centrifuged at 10 000 × g and the resulting supernatant was used as the cytosolic fraction. The pellet was lysed with TNE buffer and its centrifugal supernatant was used as the mitochondrial fraction. Twenty micrograms of protein from each fraction was subjected to western blotting analysis. Anti-cytochrome c antibody (ab110325; Abcam, Cambridge, MA, USA) and anti-phospho-p38 mitogen-activated protein kinase antibody (9211S, Cell Signaling Technology, Danvers, MA, USA) were used at a dilution of 1:1000.
Generation of FgSod2 and FgSod3 deletion mutants
Gene deletion mutants were prepared using a split-marker recombination procedure described previously (Goswami 2012) . FgSod2 (FGSG 04454) or FgSod3 (FGSG 02051) was replaced with the E. coli hygromycin B phosphotransferase (hph) gene under control of the Aspergillus nidulans trpC promoter, which was obtained from pFGL821 plasmid (gift from Naweed Naqvi, Addgene plasmid no. 58223). Schematic illustrations of FgSod2 and FgSod3 deletion are provided in Supplementary Figs S3 and S4, respectively. All primers used to generate gene replacement cassettes are listed in Supplementary Table S1 . In a first-round PCR, the 5 and 3 flanking regions of the FgSod2 ORF were amplified with the primer pairs FgSod2 1F/FgSod2 2R and FgSod2 3F/FgSod2 4R (named amplicons 1 and 2), respectively, those of the FgSod3 ORF were amplified with the primer pairs FgSod3 1F/FgSod3 2R and FgSod3 3F/FgSod3 4R (named amplicons 3 and 4), respectively, and the 5 and 3 regions of the hygromycin B resistance cassette in pFGL821 plasmid were amplified with the primer pairs HYG-F/HY-R and YG-F/HYG-R (named amplicons 5 and 6), respectively. In a second-round PCR, FgSod2 replacement constructs 1 and 2 were amplified with the primer pair FgSod2 1F/HY-R using amplicons 1 and 5 as templates and with the primer pair YG-F/FgSod2 4R using amplicons 2 and 6 as templates, respectively. Similarly, FgSod3 replacement constructs 1 and 2 were amplified with the primer pair FgSod3 1F/HY-R using amplicons 3 and 5 as templates and with the primer pair YG-F/FgSod3 4R using amplicons 4 and 6 as templates, respectively. The generated FgSod2 or FgSod3 replacement constructs 1 and 2 were incorporated into F. graminearum protoplasts by polyethylene glycol-mediated transformation. For the selection of putative transformants, hygromycin B (Nacalai Tesque) was added to the final concentration of 150 μg/mL. The desired gene deletion in mutants was confirmed by Southern blotting analyses (Supplementary Figs S3 and S4). The digoxigenin-labeled DNA probes for Southern blotting were synthesized using a PCR DIG Probe Synthesis Kit (Roche, Basel, Switzerland) according to the manufacturer's protocol with the primer pairs listed in Supplementary  Table S1 .
Analysis of 3-ADON production
3-ADON in the culture filtrate (1 mL) described in the 'Culture conditions' section was extracted with 400 μL ethyl acetate. The ethyl acetate solution was evaporated to dryness and the obtained residue was dissolved in 1 mL methanol. The methanol solution was diluted to 1/2500 with 10% acetonitrile in water, and 10 μL solution was placed into a 3200 Q Trap liquid chromatography-tandem mass spectrometry system (AB Sciex, Foster City, CA, USA) equipped with an electrospray ionization source and an LC-20A series HPLC system (Shimadzu Corporation, Kyoto, Japan). The column was 150 mm × 2.1 mm i.d., 3 μm particle size (Inertsil ODS-3; GL Sciences Inc., Tokyo, Japan). Chromatographic separation was achieved at 40
• C using a gradient elution with 5−90% acetonitrile in water containing 2 mM ammonium acetate from 0 to 8 min, and then isocratic elution with 90% acetonitrile in water containing 2 mM ammonium acetate from 8 to 10 min at a flow rate of 0.2 mL/min. The retention time of 3-ADON was 7.8 min. The electrospray ionization source was operated at 400
• C in the negative ionization mode. Other MS parameters were: curtain gas at 20 psi, ionspray voltage at −4500 V, nebulizer gas (GS1) at 60 psi, turbo heater gas (GS2) at 50 psi, collision-activated dissociation gas at 3 (arbitrary units), multiple reaction monitoring, dwell time of 150 ms and 5 ms pause between mass ranges. The following multiple reaction monitoring transitions were used: 3-ADON, 397 [M + CH 3 COO] − to 307 (quantifier ion; collision energy, −16 eV) and 173 (qualifier ion; collision energy, −22 eV). The amount of 3-ADON in each sample was determined using a standard curve obtained from standard 3-ADON solutions.
RT-qPCR analysis
Fusarium graminearum cDNA was prepared from total RNA according to a previously reported method (Furukawa et al. 2015) . The cDNA derived from 0.05 μg total RNA was used as a template. RT-qPCR was carried out using FastStart Universal SYBR Green Master (Rox; Roche) and an ABI PRISM 7300 thermal cycler (Applied Biosystems/Thermo Fisher Scientific, Waltham, MA, USA). The amounts of Tri5 (FGSG 03537), Tri6 (FGSG 03536), FgSod2 and FgSod3 mRNA were normalized to the amount of GAPDH (control gene: FGSG 06257) mRNA in each sample. The primers used to amplify each gene are listed in Supplementary  Table S1 .
Determination of mitochondrial and cytosolic superoxide levels
Mitochondrial and cytosolic superoxide levels were quantified according to the method we reported previously (Furukawa et al. 2015) , with some modifications. Cultured wild-type and mutant mycelia were harvested by filtration, washed with water and incubated with 5 μM mitoSOX (Molecular Probes/Thermo Fisher Scientific) or 30 μM dihydroethidium (Molecular Probes) for 10 min at 37 • C. Mycelia were then incubated with 3 μM Calcofluor White M2R (Sigma-Aldrich) for 2 min and applied to microscope slides. A BX53 fluorescence microscope equipped with a DP70 camera (Olympus, Tokyo, Japan) was used to obtain images. Fluorescence on images was quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA; example provided in Supplementary Fig. S5 ). For the rough estimation of mycelial mass, the blue component of each fluorescence image of Calcofluor White M2R was binarized at the 'Auto' gray-level threshold. The dimensions of the black area of the binarized image were taken to represent the estimated mycelial mass. For estimation of the amount of mitochondrial superoxide, each fluorescence image of mitoSOX was subjected to background subtraction and binarization of the red component at the gray-level threshold of '20'. The dimensions of the black area of the binarized image were taken to represent the mitochondrial superoxide area. For the estimation of cytosolic superoxide, each fluorescence image of dihydroethidium was processed in the same manner as mitoSOX fluorescence images. The relative superoxide level was calculated with the equation: mitochondrial superoxide depicted on an image = estimated mitochondrial superoxide area/estimated mycelial mass × 100. The cytosolic superoxide level was calculated in the same manner.
RESULTS
SOD activity of FgSOD2 and FgSOD3
To determine whether predicted Mn SODs of F. graminearum had SOD activity, FLAG-tagged FgSOD2 and FgSOD3 were bacterially expressed and purified using anti-FLAG immuno-affinity resin. SDS-PAGE and immunoblotting using anti-FgSOD2 or antiFgSOD3 peptide antibody confirmed that these proteins were expressed as expected (Supplementary Figs S1 and S2). SOD activity was measured with an assay kit containing a water-soluble tetrazolium salt (WST-1), which produces a water-soluble yellow formazan dye on reduction with superoxide molecules derived from xanthine oxidase-mediated oxygen reduction. FLAG-tagged FgSOD2 and FgSOD3 inhibited superoxidemediated reduction of WST-1, indicating that these enzymes have superoxide scavenging activity in vitro (Fig. 1) .
Localization of FgSOD2 and FgSOD3
Computational N-terminal presequence analysis predicted that FgSOD2 and FgSOD3 would be localized in the mitochondria and cytoplasm, respectively. To verify this prediction, subcellular fractions were prepared from protoplasts of F. graminearum and proteins were extracted from these fractions. Immunoblotting using anti-cytochrome c antibody and anti-p38 mitogenactivated protein kinase antibody confirmed the precise enrichment of mitochondrial protein to the mitochondrial fraction and cytoplasmic protein to the cytoplasmic fraction (Fig. 2) . Immunoblotting using anti-FgSOD2 and anti-FgSOD3 peptide antibodies showed FgSOD2 protein enrichment in the mitochondrial fraction and FgSOD3 protein enrichment in the cytoplasmic fraction. These results were consistent with the computational prediction.
Sporulation and growth of FgSod2 and FgSod3 deletion mutants
Deletion mutants lacking the FgSod2 or FgSod3 gene were prepared using the split-marker approach. Genetic regions of FgSod2 and FgSod3 on the genome were replaced with a hygromycin resistance gene (hph) cassette having a constitutively active promoter, and disrupted mutants were selected by resistance to hygromycin (Supplementary Figs S3 and S4) . Two and six hygromycin resistant mutants were obtained as FgSod2 ( S2-1 and S2-2) and FgSod3 ( S3-1, S3-2, S3-3, S3-4, S3-5 and S3-6), respectively. Southern blot hybridization confirmed that these deletion mutants had unique and appropriate gene replacement at the expected loci (Supplementary Figs S3 and S4) . In subsequent expriments, S2-1 and S2-2 were used as FgSod2 strains and S3-1 and S3-5 were used as FgSod3 strains.
FgSod2 and FgSod3 strains were cultured on a sporeformation medium for 5 days, and the spore numbers were counted (Fig. 3A) . The numbers of spores of the S2-2 and FgSod3 strains were equivalent to that of the wild-type strain, whereas that of S2-1 was reduced significantly. Next, growth of each mutant on complete medium and 5× YEG agar plates was investigated ( Fig. 3B and C) . Growth of both deletion strains on complete medium agar plates was comparable to that of the wild-type strain. However, the colony diameters of FgSod3 strains were significantly smaller than that of the wild-type strain on 5× YEG agar plates. As FgSOD2 and FgSOD3 have superoxide scavenging activity, the sensitivity of the FgSod2 and FgSod3 strains to menadione, an intracellular superoxide-generating agent, was evaluated using potato dextrose agar plates containing various concentrations of menadione (Fig. 3D) . The colony diameter of the wild-type strain grown in the presence of 20 μM menadione was about 50% of that grown without menadione. In contrast, FgSod2 strains were inviable in the presence of 10 or 20 μM menadione, and colony diameters of FgSod3 strains grown with 20 μM menadione were about 30% of those grown without menadione, indicating that externally applied oxidative stress could be alleviated by both SODs, and especially strongly by FgSOD2. , FgSod2 (E) and FgSod3 (F) mRNA levels of WT, S2-1 and S3-1 cultured in SYEP liquid medium. These mRNA levels were normalized to the amount of GAPDH mRNA in each sample. Data are presented as means and standard deviations from six biological replicates. Asterisks indicate significant differences ( * P < 0.05, * * P < 0.01 vs WT, as measured by Dunnett's test (A-D) or Welch t-test (E, F) ). #Non-specific PCR amplification products.
Trichothecene production and expression of responsible genes in FgSod2 and FgSod3 deletion mutants
In a liquid medium containing sucrose, F. graminearum strain MAFF101551 produces 3-ADON as the main trichothecene compound (Sakamoto et al. 2013) . The time course of 3-ADON production by FgSod2 and FgSod3 strains was evaluated in the liquid medium (Fig. 4A) . The amount of 3-ADON produced was reduced markedly in both mutants compared with the wildtype strain throughout cultivation. This reduction was more pronounced in FgSod3 strains than in FgSod2 strains. The increments of mycelial weight in mutants were comparable to that in the wild-type strain during cultivation (Fig. 4B) .
The time courses of the mRNA levels of Tri5 and Tri6 in S2-1 and S3-1 were evaluated. TRI5 catalyzes the conversion of farnesyl pyrophosphate to trichodiene in the trichothecene biosynthetic pathway (Kimura et al. 2007 ). Tri5 expression is regulated by TRI6, the key transcription regulator of trichothecene biosynthesis. In the wild-type strain, the mRNA levels of Tri5 and Tri6 increased gradually during growth, peaking at 72 h ( Fig. 4C  and D) . In the mutants, Tri5 and Tri6 expression was significantly downregulated during 48-96 h, consistent with the reduction of 3-ADON production. The extent of reduction in Tri5 and Tri6 expression was more pronounced in S3-1 than in S2-1, similar to the case of 3-ADON production.
The time courses of the mRNA levels of FgSod2 and FgSod3 in S2-1 and S3-1 were also investigated. The mRNA levels of FgSod2 and FgSod3 were generally constant in the wild-type strain throughout cultivation (Fig. 4E and F) . However, the mRNA levels of FgSod2 and FgSod3 were significantly reduced during 48-96 h in S3-1 and at 48 h and 96 h in S2-1. These results show that deletion of FgSod2 does not lead to compensatory upregulation of FgSod3, or vice versa.
Mitochondrial and cytosolic superoxide levels in FgSod2 and FgSod3 deletion mutants
To analyze mitochondrial and cytosolic superoxide levels in the fungal cells, two superoxide-specific fluorescent dyes, mitoSOX and dihydroethidium, were used. As mitoSOX and dihydroethidium are localized in the mitochondria and cytosol, respectively (Zielonka, Vasquez-Vivar and Kalyanaraman 2008) , these dyes can be used as site-specific superoxide detectors. Mitochondrial and cytosolic superoxide levels were quantified with these dyes according to the method reported previously (Furukawa et al. 2015 ; Supplementary Fig. S5 ).
In the wild-type strain, the mitochondrial superoxide level was highest at 24 h and drastically decreased at 48 h (Fig. 5A) . The mitochondrial superoxide levels were much higher in FgSod3 strains than in the wild-type throughout cultivation, whereas those in FgSod2 strains were similar to that in the wild-type.
The cytosolic superoxide level in the wild-type did not fluctuate greatly (Fig. 5B) . However, a transient increase in cytosolic superoxide levels at 24 h was observed in FgSod2 strains.
DISCUSSION
DON contamination in important crops causes huge economic losses annually (McMullen et al. 2012) . Therefore, effective methods to control this contamination are urgently required. As we found that the DON production inhibitor precocene II increased the mitochondrial superoxide level in F. graminearum, we supposed that superoxide accumulation in mitochondria would cause a reduction in DON production (Furukawa et al. 2015) . Superoxide is decomposed to H 2 O 2 and H 2 O by SOD, and eukaryotic mitochondria have been assumed to contain Mn SOD (Miller 2012) . In the genome of F. graminearum, five genes encoding SODs have been annotated and two of them have been predicted to be Mn SODs (Yao et al. 2016) . In this study, we analyzed the relationship of cellular superoxide level to DON production by focusing on the Mn SODs FgSOD2 and FgSOD3. Recombinant FLAG-tagged FgSOD2 and FgSOD3 showed SOD activity in vitro. N-terminal presequence and subcellular fractionation analysis indicated that FgSOD2 and FgSOD3 were localized mainly to the mitochondria and cytoplasm, respectively. Next, we generated FgSod2 and FgSod3 mutants. Growth on a low-nutrient (5× YEG) medium was reduced only in the FgSod3 strains. Although both mutants showed increased sensitivity to menadione compared with the wild-type strain, FgSod2 strains showed stronger sensitivity, becoming inviable in the presence of 10 μM menadione. These results suggest that the roles of Fg-SOD2 and FgSOD3 in hyphal growth and oxidative stress tolerance differ. Whereas both mutants showed reduced 3-ADON production and downregulation of Tri5 and Tri6 expression, this effect was more pronounced in the FgSod3 mutants. Furthermore, despite the minor importance of FgSOD3 in preventing menadione-induced oxidative stress, quantitative analyses of superoxide levels in FgSod3 strains showed a greater increase in the mitochondrial than in the cytosolic superoxide level, although FgSOD3 was found to be localized mainly in the cytoplasm. Reduction of the FgSod2 mRNA level in S3-1 may have led to reduction of superoxide scavenging activity (resulting in increased superoxide) in the mitochondria. However, the FgSod2 mRNA level in S3-1 was comparable to that in the wildtype strain at 24 h of cultivation, when mitochondrial superoxide levels were much higher in FgSod3 strains than in the wild-type strain, indicating that the increase in mitochondrial superoxide in FgSod3 strains cannot be explained only by reduction of the FgSod2 expression level. In the case of Saccharomyces cerevisiae, Cu/Zn SOD in cytoplasm is thought to have a protective function on VDAC activity (Budzinska et al. 2007; Karachitos et al. 2009 ). Electron transport chain-derived superoxide is known to be released from mammalian mitochondria into the cytoplasm through the VDAC (Han et al. 2003; Lustgarten et al. 2012) . If FgSOD3 has a protective function on the VDAC in F. graminearum similar to that of Cu/Zn SOD in S. cerevisiae and the mitochondrial superoxide of F. graminearum permeates through the VDAC similar to the case of mammalian mitochondria, it is feasible that VDAC activity in FgSod3 strains was impaired and superoxide release from mitochondria through the VDAC was downregulated, leading to the accumulation of mitochondrial superoxide. Conversely, in FgSod2 strains, the cytosolic superoxide levels increased markedly at 24 h of cultivation, whereas FgSOD2 was found to be localized mainly in the mitochondria. Excess superoxide in the mitochondria caused by the absence of FgSOD2 might be released through a channel such as the VDAC, leading to temporal upregulation of the cytosolic superoxide level.
As precocene II likely attenuated trichothecene production by increasing mitochondrial superoxide, this increase may be a primary factor in the downregulation of trichothecene production in FgSod3 strains. On the other hand, although the mitochondrial superoxide levels were not affected in FgSod2 strains, 3-ADON production was reduced significantly. This finding suggests that the increase in cytosolic superoxide also affects trichothecene production. As DON production was found to be reduced in deletion mutants of FgSod1, which encodes cytosolic SOD (Yao et al. 2016) , information on cytosolic and mitochondrial superoxide levels in FgSod1 deletion mutants may give further clues about the relationship between DON production and superoxide level in each intracellular compartment.
Overall, in this study we revealed that the maintenance of low mitochondrial and cytosolic superoxide levels is required for sufficient 3-ADON production. These findings suggest the presence of factors essential for trichothecene production in mitochondria and cytosol, which recognize superoxide molecules or are damaged by superoxide. Further investigations of the molecular mechanisms underlying the perception of the superoxide level and regulation of trichothecene production are needed.
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